ABSTRACT Plant resistance to herbivores can be induced by application of elicitors such as jasmonic acid, which is a signal molecule that increases naturally in plants that have been damaged. The use of elicitors to induce resistance of crop plants against herbivores has been successful in small scale experiments but has not been developed in commercial agriculture. We tested jasmonic acid sprays as elicitors of resistance against leafminers and other pests on commercial celery Þelds in the central coast region of California. In two of three trials, signiÞcantly fewer leafminer adults emerged from the plants sprayed with jasmonic acid than the plants that were left untreated. In these two trials, aphid control was erratic, and thrips were not signiÞcantly reduced on the treated plants although thrips were not common during the trials. Leafminer parasitoid population densities tracked the number of available leafminer hosts regardless of treatment. The only effect found in the third trial was that conventionally grown celery had more leafminer oviposition stings than either the plants treated with jasmonic acid or untreated control plants. Treatment of plants with jasmonic acid seems to hold promise as an alternative pest management tool.
CONVENTIONAL AGRICULTURE IS at an important juncture. Pesticides have long been used to control various pests including weeds, insects, and diseases. However, insect and pathogen resistance to traditional pesticides is on the rise as are public fears about chemical residues on food, worker safety, and potential for environmental damage from pesticide sprays. These fears prompted passage of the Food Quality Protection Act of 1996, which limits the use of many pesticides, particularly those that share common toxicological mechanisms such as organophosphate insecticides, carbamate insecticides, and triazine herbicides Newton 1999, Winter 1999) . It is becoming increasingly clear that alternative pest management tools must be found that are less hazardous to humans, nontarget animals, and the environment.
One alternative pest control strategy involves induction of a plantÕs own resistance mechanisms against pests by application of elicitors. Elicitors are chemically diverse compounds, with no signiÞcant antibiotic properties per se, that are able to induce a plantÕs resistance to subsequent attack. This technique is conceptually similar to vaccines used to enhance bodily defenses against microbes in animals. Plant signals responsible for inducing resistance are highly conserved among plant species and appear to be effective in many crop and pest situations (Constable and Ryan 1998, Morris et al. 1998) . Several elicitors have been tested against pathogens and marketed for agricultural use. For example, Syngenta (Basel, Switzerland; formerly Novartis) is currently marketing an elicitor, Bion [benzo(1,2,3) thiadiazole-7-carbothioic acid S-methyl ester (BTH)], in Europe to induce resistance against powdery mildew in wheat (Dietrich et al. 1999 , Karban 1999 , Tally et al. 1999 . Messenger, an elicitor based on naturally occurring proteins known as harpins, was granted registration by the Environmental Protection Agency in April 2000 (Anonymous 2000) and is reported to trigger a plantÕs natural defense systems against disease and insect damage (Eden Bioscience Corporation 2001) .
The use of elicitors against insects has been investigated less vigorously than elicitors used against plant pathogens. However, induced resistance stimulated by herbivore damage has been demonstrated in several agricultural plants including soybeans, tomato, potato, wheat, cotton, and grapes (reviewed in Table  6 .1 in Karban and Baldwin 1997, see also , Thaler 1999a . To date, elicitors have not been used commercially to control insect or mite pest damage.
We investigated the possibility that an elicitor can be used to manage leafminers in commercially grown celery. Celery was chosen because of the marketÕs demand for high esthetic crop quality and the severity of insect pest problems. Because of these demands, pesticides have been relied on heavily. In 1999, the California Department of Pesticide Regulation reported 38,281 pesticide applications totaling over 341 thousand pounds applied on celery statewide. The scarcity of insecticides registered for celery and intense use have led to development of insect resistance against the available insecticides. Chaney (1997) has found leafminer resistance to pyrethroids and shown that pyrethroids are highly toxic to parasitoids of leafminers in the central coast region of California.
Elicitors hold promise commercially because they can be patented, manufactured, and applied using conventional spray technologies (Lyon et al. 1995 , Lyon and Newton 1997 , Thaler 1999a . Because jasmonate elicitors have no known antibiotic activity or activity to organisms other than plants, their effect on nontarget species and the environment is thought to be benign (Lyon et al. 1995, Lyon and Newton 1999) . Little or no reduction in yield has been found when using elicitors to induce resistance to pathogens Newton 1999, Tally et al. 1999) or when used against herbivores of tomatoes (Thaler 1999a, b) . An added beneÞt is that the timing of the application can be manipulated to induce the plantÕs defenses before damage (Lyon et al. 1995) . Therefore, elicitors may have great potential for use in sustainable agriculture. However, to date, Þeld tests of elicitors for use against herbivores in agricultural systems have only been attempted a few times (Karban 1999, Lyon and Newton 1999) .
Jasmonic acid (JA) is a ubiquitous signaling molecule; it has been found in all higher plants examined (Creelman and Mullet 1995) and identiÞed in 160 diverse plant families (Sembdner and Parthier 1993) . This natural plant hormone plays a crucial role in signaling plant defense responses against both insects and microorganisms (Lyon et al. 1995 , McConn et al. 1997 . While resistance mechanisms vary among plants, they may act by reducing herbivore survival, reproduction, or preference for a plant (Karban and Baldwin 1997) .
The speciÞc mechanisms of resistance in celery (Apium graveolens) against its economically important pests are poorly known. Possible defensive chemicals in celery include linear furanocoumarins: psoralen, isopimpinellin, bergapten, and xanthotoxin (Beier and Oertli 1983) . The linear furanocoumarins, psoralen, bergapten, and xanthotoxin, have been shown to link with DNA when activated by UV radiation (Murray et al. 1982) . While host plant resistance to leafminers in celery probably involves linear furanocoumarins, they may play only a partial role. While investigating celery varieties bred for resistance, Trumble et al. (1990) found that linear furanocoumarins alone had no antibiotic properties against a related leafminer, L. trifolii. They theorized that the linear furanocoumarins might be acting in concert with other plant compounds to provide resistance. Insect damage has been shown to increase the level of linear furanocoumarins in wild parsnip, Pastinaca sativa L. (Zangerl 1990) . Six tribes of the Apiaceae family produce linear furanocoumarins, including both celery and wild parsnip (Berenbaum 1990 ). While linear furanocoumarins have been shown to be toxic to some generalist herbivores, the literature reßects a wide range of concentration dependent insect responses (Berenbaum 1978 , Berdegue et al. 1997 .
One of the most important insect pests of celery in CaliforniaÕs Central Coast region is the leafminer (Liriomyza langei Frick) (Koike et al. 1996 , Chaney 1997 ). There has been much confusion about the taxonomic status and host range of this leafminer, which is probably a cryptic species within the L. huidobrensis complex (Scheffer and Lewis 2001, Reitz and Trumble 2002) . Voucher specimens from this study were deposited in the Bohart Museum, UC Davis. Leafminer populations can increase rapidly as the life cycle can be as short as 3 wk with warm temperatures (Chaney et al. 1999 ). The damage inßicted by this agromyzid ßy is of two types: mining of the leaf by larva and feeding and oviposition stings by adult females. Oviposition stings generally occur in the upper leaf surface, and both stings and leafmining can reduce photosynthesis, plant growth, and economic yield (Trumble et al. 1985) . Leafminers have also been found in celery petioles when populations are high. Petiole damage is particularly costly as the entire petiole must be removed if damaged.
Here we report on experiments that tested the ability of a jasmonic acid spray to protect celery from the leafminer (L. langei) in CaliforniaÕs central coast region.
Materials and Methods
The effects of induced resistance on populations of naturally occurring leafminers, L. langei, were assessed in three trials conducted over 2 yr, 1999 and 2000, in commercial celery Þelds. In the Þrst two trials, plants were randomly divided into two groups: the treatment plants received one spray of 0.5 mM solution of JA and the controls were left unsprayed. JA was synthesized from methyl jasmonate (Bedoukian, Danbury, CT) according to the methods described in Farmer et al. (1992) . JA was dissolved in 30 l of acetone and dispersed in 300 ml of deionized water. This solution was applied to transplants to run-off with a handheld sprayer, and neighboring plants were shielded with a sheet of plastic. The celery plants were grown in accordance with the growersÕ standard commercial practices, including transplantation, fertilization, and irrigation, except that the experimental plants received no ground-applied insecticide treatments.
Insects were sampled by collecting plant material until Ϸ6 wk before harvest. At that time, the plants were so large that aerial sprays became necessary and the experimental plants could not be protected from sprays. The plants that were collected were transferred to University of California, Davis (UCD) the same day as harvested and stored in a 4ЊC refrigerator. All plants were weighed and placed in 20-liter containers no later than 5 d after harvest. Each container was covered with loosely woven porous material to allow for airßow. The plants were held in the con-tainers for 8 wk at a temperature not exceeding 26.7ЊC to allow the leafminers and leafminer parasitoids to mature. Yellow sticky cards were used to trap adults inside each container. Leafminers and parasitoids were then counted on the sticky cards.
The Þrst two Þeld trials, conducted in the summer of 1999, were planted with Dole Proprietary seed transplants at Ϸ6 plants per row-meter. Each trial consisted of eight double-planted beds 15 m long with two rows per bed. Two beds on each side were left as buffers so that only plants in the innermost four beds were used. Additionally, 1.5 m at the end of each bed was left as a buffer. In these two trials, the insects found on the leaves were washed off the plants, collected, stored in alcohol, and later identiÞed and counted. The insects collected included aphids (several species mostly Myzus persicae and Aphis fabae), thrips (several species), adult leafminers, and leafminer parasitoids (mostly Diglyphus sp). The plants were then used to rear leafhoppers and parasitoids as described above.
The Þrst trial was conducted in San Juan Bautista, CA. This trial was divided into 12 blocks, each containing an equal number of plants of each of the two treatments. The transplants were planted on 10 July and sprayed with JA on 17 August. Only three sampling dates were possible before the aerial spray was begun: 23 August, 31 August, and 7 September. Six plants of each treatment from each block were randomly selected to be sampled for insects. The second trial was conducted in Salinas, CA. This trial was divided into 20 blocks, and four plants of each treatment per block were sampled. The transplants were planted on 30 July and sprayed with JA on 17 August. Because these plants were small when sprayed with JA, sampling was started 2 wk after treatment. This trial was sampled weekly through 11 October.
The third trial was conducted in the summer of 2000 in Gonzales, CA. This trial used four beds of 37 m with a 1.8-m buffer at each end. Each bed contained two rows of transplants. Only the two innermost beds were used because the two outside beds formed additional buffers. The remainder of the Þeld was grown using the growerÕs commercial standards using conventional methods of chemical insecticide control. Duda Proprietary seedlings were transplanted on 27 June at a spacing of Ϸ0.2 m between plants. JA was sprayed on 6 July, and sampling commenced 2 wk later on 23 July. Seven samplings of experimental plants were concluded before the aerial spray. This third trial was divided into 20 blocks, and we sampled four plants of each the two treatments per block that we described aboveÑsprayed with JA and unsprayed controls. In eight of the blocks, we included four plants grown under grower standard commercial pest management practices in addition to the JA and control (three treatments: standard, JA, and control).
In this trial, leafminers and parasitoids were measured as described above from all 20 blocks; leafminer stings, mines, celery yield, and linear furanocoumarin levels were monitored from eight blocks. Stings were counted on all leaßets of the two outermost petioles opposite each other and the newest fully expanded petiole. The leaßets were held up to a light to highlight the stings. Mines visible to the naked eye were counted on all leaves of the selected plants. At the conclusion of this trial, Ϸ100 mature plants were sampled from each treatment to determine treatment effects on yield during the growerÕs scheduled harvest on 25 September. The growerÕs harvest manager cut and prepared the stalks as for market. Celery stalks were then grouped by size as if for inclusion in retail cartons. Cartons of bigger stalks receive a higher retail price while excessively small or severely damaged stalks are marketed as hearts or discarded. The plants were grouped as bad, heart (to indicate being sold as celery hearts), or for cartons containing 48, 36, 30, and 24 units with 48 fetching the lowest price and 24 bringing the highest price. A Þeld yielding all 24-count cartons would produce roughly 1,400 Ð1,600 cartons/ acre, whereas a Þeld yielding all 48-count cartons would produce one-half the number of cartons. The size distributions of stalks from the experimental treatments were compared with the conventionally grown stalks being harvested for market to evaluate the economic consequences of the treatments using a G-test.
To measure the effects of JA on furanocoumarin levels, we analyzed the linear furanocoumarin levels of JA, control, and standard celery plants. We sampled 43 plants just before the commencement of aerial spraying on 29 July 2000. The plants were collected and stored in ice for transport to UCD. Before testing for furanocoumarins, the plants were prepared as for market with the outermost, senescing leaves and associated petioles, as well as any damaged petioles, discarded. This is a normal practice of commercial celery harvest. After this preparation, leaves from two of the remaining outermost petioles were selected for chemical analysis and stored in a Ϫ27ЊC freezer until lyophilized. Once dried, the leaves were ground with a mortar and pestle, weighed, and put into aliquots of Ϸ50 mg. The furanocoumarin levels were determined using high pressure liquid chromatography (HPLC; Waters, Milford, MA). Each sample was extracted for 1 h at room temperature with 500 l of ethyl acetate. The samples were spun at 12,000g for 5 min, and 20 l of the supernatant was analyzed by HPLC. The column was an Alltech 150 mm long, 4.6 mm id containing Þve micron silica particles (Adsorbosphere, Alltech, Nicholasville, KY). The mobile phase consisted of 55% cyclohexane, 42% isopropyl ether, and 3% n-butanol with a ßow rate of 1 ml/min. Detection was at 254 nm, and no internal standard was run because no transfers of materials were conducted and variation in the amount of sample injected was Ͻ5% (see Zangerl et al. 1997 for more detailed methods). The presence of speciÞc furanocoumarins indicated by retention times on the HPLC was conÞrmed using a gas chromatograph mass spectrophotometer (HewlettÐPackard 5973, Palo Alto, CA).
Effects of treatments on insects were analyzed using two-way analysis of variance (ANOVA) with replication (Proc GLM, SAS Institute) with treatment and block as main effects and the number of insects per plant as the response variables. SigniÞcance tests compared the variance explained by treatment to the variance explained by the interaction between treatment and block.
Results
JA treatment signiÞcantly reduced numbers of leafminers in celery in the Þrst two trials. In the San Juan Bautista trial, there were 1.5 times as many leafminers found on the control plants as the plants sprayed with JA for all sampling dates combined (F 1,11 ϭ 10.15, P Ͻ 0.01, Fig. 1A ). In the Salinas trail, the effect on leafminers was also signiÞcant for all sampling dates combined. There were nearly twice as many leafminers on the control plants compared with those sprayed with JA (F 1,19 ϭ 4.69, P Ͻ 0.05, Fig. 1B) .
Parasitoids of leafminers were also reduced by JA in these trials. For all sampling dates combined in the San Juan Bautista trial, the mean number of parasitoids was lower on the treatment plants than on the control plants (F 1,11 ϭ 8.86, P Ͻ 0.02, Fig. 2A) . However, the numbers of parasitoids in the Salinas trial were statistically indistinguishable for treatment and control plants (F 1,19 ϭ 0.04, P Ͼ 0.75, Fig. 2B ).
In addition to leafminers, we quantiÞed naturally occurring thrips and aphids in these Þrst two trials. For these insects, the mean number of pests per plant did not differ signiÞcantly between the induced plants and the untreated plants. Because thrips are not considered economically important pests in celery, and the effects on aphids were erratic, these pests were not monitored in the third trial.
The third trial in Gonzales did not show signiÞcant differences between plants sprayed with JA and control treatments for leafminers, parasitoids, number of stings, and number of mines per plant. The number of leafminers was not different (F 1,19 ϭ 0.66, P Ͼ 0.75, Fig.  1C ), nor were the parasitoids (F 1,19 ϭ 1.19, P Ͼ 0.25, Fig. 2C ). However, there were more than twice as many leafminer oviposition stings per plant on the standard plants compared with either the control or JA-treated plants (F 2,14 ϭ 14.64, P Ͻ 0.01, Fig. 3 ). The mean number of mines per plant was indistinguishable for the three treatments (F 2,14 ϭ 2.02, P Ͼ 0.10, Fig. 3) .
In all three trials, we detected no signiÞcant effect of treatment on celery weight (Fig. 4A) . However, at harvest, we found differences in marketable size ( Fig.  4B and R ϫ C test of independence G ϭ 40.85, df ϭ 10, P Ͻ 0.01). For the most desirable carton sizes (30s and 24s), the control treatment outperformed the other treatments while the standard treatment performed the most poorly. Most importantly, the conventionally grown (standard) treatment had no plants suitable for the 24-count carton and outnumbered the other treatments in the smaller carton sizes. The JAtreated plants fell between the other two treatments for all carton sizes. Overall, the JA-treated plants were slightly more valuable than those in the standard treatment (R ϫ C test of independence G ϭ 9.11, df ϭ 4, P ϭ 0.06). No difference was found in levels of furanocoumarins among treatments (Fig. 5) . The peaks for psoralen and isopimpellin were too close to distinguish, and therefore, we combined the two for this study.
Discussion
Our Þndings show potential for using JA as an elicitor to stimulate celeryÕs resistance to leafminers. The results from the Þrst two trials showed signiÞcantly fewer leafminers on the plants sprayed with JA. These positive results corroborate those of other researchers who have found that induction caused by elicitors can reduce populations of many different insect pests (e.g., see Inbar et al. 1998 , Thaler 1999a , b, Omer et al. 2000 . The Salinas trial had the highest population level of leafminers for both control and treatment plants. The resistance in the treated plot here is consistent with the suggestion that induced resistance can be particularly effective at high levels of pest infestation (Thaler 1999a) .
Parasitoid populations were not directly affected by our treatments. These parasitoids are obligate specialists and their numbers were correlated to those of their leafminer hosts. This suggests that the numbers of parasitoids may have been driven by the numbers of available hosts.
The third trial did not show a JA-mediated depression of leafminer activity. Previous investigations of celery cultivars have highlighted genotypic variation and the need to evaluate the genotype-by-environment and genotype-by-stage interactions (Diawara et al. 1994) . Celery genotype may be an important uncontrolled variable in our trials (Lyon and Newton 1999) . We had similar positive results in both of the 1999 plots planted with the same cultivar but sprayed with JA at different plant stages. JA is a natural plant hormone known to produce different plant responses at different developmental stages (Staswick 1992, Creelman and . In this study, we did not Þnd evidence that JA stimulated different stage-dependent responses in celery.
The only treatment effect observed in the third trial was an increase in the number of stings in the conventionally grown plants (standard). It has long been known that pesticides can have unwanted effects on pests. For example, in celery, Brewer et al. (1995) suggested that tolerance to furanocoumarins may be tied to insecticide exposure for beet armyworm. They found that those colonies showing insecticide resistance were also most tolerant of linear furanocoumarins. Pyrethroids and carbamates are commonly used insecticides on celery in California. Leafminers have become resistant to pyrethroids in the Salinas Valley, and pyrethroids are also highly toxic to parasitoids of leafminers (Chaney 1997 ). This may help to explain the high number of stings in the conventionally grown plants compared with the other treatments.
In conclusion, results from the Þrst year indicated that JA treatment can suppress leafminers, whereas the second year results showed that suppression may be dependent on cultivar or other factors. When cultivar and cultural variables are understood, this technique could possibly be used in sustainable pest management regimens. JA, used to elicit a celery plantÕs natural defenses against pests, may circumvent leafminer resistance and be more compatible with classical biological control and other environmental concerns. Fig. 5 . Effects of jasmonic acid and standard conventional treatments on furanocoumarin levels (mean Ϯ SE) in celery in Gonzales, CA, 2000.
